Abstract Liver/lymph node-specific intercellular adhesion molecule-3-grabbing integrin (L-SIGN) facilitates hepatitis C virus (HCV) infection through interaction with HCV envelope protein E2. Signaling events triggered by the E2 via L-SIGN are poorly understood. Here, kinase cascades of Raf-MEK-ERK pathway were defined upon the E2 treatment in NIH3T3 cells with stable expression of L-SIGN. The E2 bound to the cells through interaction with L-SIGN and such binding subsequently resulted in phosphorylation and activation of Raf, MEK, and ERK. Blockage of L-SIGN with antibody against L-SIGN reduced the E2-induced phosphorylation of Raf, MEK, and ERK. In the cells infected with cell culture-derived HCV, phosphorylation of these kinases was enhanced by the E2. Up-regulation of Raf-MEK-ERK pathway by HCV E2 via L-SIGN provides new insights into signaling cascade of L-SIGN, and might be a potential target for control and prevention of HCV infection.
Introduction
Dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN) is a type II integral membrane protein with an extracellular C-terminal region containing a calcium-dependent carbohydrate recognition domain [1] . As a homologue of DC-SIGN, live/lymph node-specific intercellular adhesion molecule-3-grabbing integrin (L-SIGN, also termed DC-SIGN-related) exhibits 77 % amino acid sequence identity with DC-SIGN and shows similarities in the extracellular region as well as in interaction with human immunodeficiency virus (HIV) [2, 3] . L-SIGN is abundantly expressed on endothelial cells of liver and lymph nodes. DC-SIGN and L-SIGN have been demonstrated to be recognition or capture receptors for bacteria, viruses, yeast, and parasites. L-SIGN plays an important role in the pathogenesis of a variety of viruses such as HIV, Ebola virus, hepatitis C virus (HCV), hepatitis B virus, dengue virus, Sindbis virus, filoviruses, severe acute respiratory syndrome coronavirus, influenza virus, and Semliki Forest virus [2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In particular, L-SIGN enhances viral entry into target cells and facilitates infection through interaction with the viral envelope glycoproteins-containing carbohydrate structures [14] .
Engagement of cellular receptors is required for conveying of extracellular signals to intracellular pathways comprised of kinase cascades. Modulation of some signaling pathways by DC-SIGN is involved in the induction of immune responses against numerous pathogens [15] [16] [17] . However, little is known about signal cascade of L-SIGN upon ligand binding. HCV envelope glycoprotein E2 is believed to initiate HCV attachment via cellular receptors. L-SIGN captures and delivers HCV particles to the liver through its interaction with the E2 [18, 19] . Binding of HCV E2 to target cells via relevant receptors is required not only for cell entry but also for receptors-mediated signaling. The hypothesis is that interaction of L-SIGN with HCV E2 might trigger signaling cascade responsible for HCV pathogenesis.
Aberrant regulation of mitogen-activated protein kinase (MAPK) pathways occurs during virus infection [20] . Raf-MEK-ERK, a key MAPK pathway, has been identified to be novel target-based approaches for cancer treatment [21] . Previously, we reported that the MAPK signaling was triggered by the HCV E2 protein through interaction with CD81 and low-density lipoprotein receptor on human hepatoma and lymphoma cells [22] [23] [24] . Here, we aimed to investigate role of L-SIGN in transmitting the HCV E2 to Raf-MEK-ERK pathway. In NIH3T3 cells with stable expression of L-SIGN, cascades of Raf-MEK-ERK signaling were defined upon the HCV E2 treatment. The pathway was also studied in the cells infected with cell culture-derived HCV (HCVcc). The results indicate that L-SIGN mediates early signaling events triggered by HCV E2 protein.
Materials and Methods

Materials
Soluble HCV subtype 1a E2 protein expressed in Chinese hamster ovary cells (98-99 % purity) and E2 mouse mAb were gifts of Michael Houghton (Chiron Corporation, Emeryville, CA, USA). Goat anti-HCV E2 antibody was purchased from Biodesign International (Saco, Maine, USA). Mouse anti-human DC-SIGN mAb (clone DCN46) or antihuman L-SIGN mAb (clone 120604) were purchased from BD PharMingen (San Diego, CA, USA) and R & D Systems (Minneapolis, MN, USA), respectively. Rabbit antibodies against c-Raf, MEK, ERK, phospho-Raf-1 (Ser338), phospho-MEK (Ser217/221), phospho-ERK (Thr202/Tyr204), or b-actin were purchased from Cell Signaling Technology (Beverly, MA, USA). Fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG or rabbit anti-goat IgG were from Jackson ImmunoResearch (West Grove, PA, USA). Horseradish peroxidase-conjugated goat anti-rabbit IgG and alkaline phosphatase-conjugated goat anti-rabbit or antimouse IgG were from Vector Lab (Burlingame, CA, USA). Bovine serum albumin (BSA), 5-bromo-4-chloro-3-indolyl phosphate, and nitro blue tetrazolium were obtained from Sigma (St. Louis, MO, USA). Chemiluminescent detection reagents were from Millipore (Billerica, MA, USA). NIH3T3/L-SIGN and NIH3T3 were grown in Dulbecco'smodified Eagle's medium (DMEM) containing 10 % fetal bovine serum (HyClone, USA). In some experiments, cells were maintained for 48 h in serum-free DMEM before addition of stimuli.
Cells and Virus
J6/JFH1 HCVcc (HCV genotype 2a) was produced by transfection of FL-J6/JFH1 (kind gift from Charles M. Rice, Center for the Study of Hepatitis C, The Rockefeller University, NY, USA) into Huh7.5.1 cells in our laboratory [26] . This virus was generated by collection of culture medium from Huh7.5.1 cells infected with HCVcc stock and the virus titer was determined as described [27] .
Flow Cytometry
For L-SIGN expression assessment, appropriate amount of NIH3T3/L-SIGN and NIH3T3 cells suspended in 1 % BSA were incubated for 1 h with mouse anti-L-SIGN mAb at a final concentration of 4 lg/ml. Cells were incubated with an isotype-matched mouse IgG as controls. After two washes with phosphate-buffered saline (PBS), cells were stained with FITC-conjugated goat anti-mouse IgG for 30 min at 4°C, washed with PBS, fixed in 1 % paraformaldehyde, and subjected to flow cytometry using a FACS Calibur (BD, San Jose, CA, USA) with CellQuest software for data acquisition and analysis.
Binding of HCV E2 protein to NIH3T3/L-SIGN was evaluated. In brief, cells were incubated for 1 h at 37°C with 6 lg/ml E2, washed twice with PBS, and incubated with 6 lg/ml mouse anti-E2 mAb for another 1 h. After two washes with PBS, cells were stained with FITCconjugated goat anti-mouse IgG for 30 min at 4°C, washed with PBS, and analyzed for E2 binding. Cells were incubated with the E2 mAb and the secondary antibody as controls.
For E2-binding inhibition assay, NIH3T3/L-SIGN cells were preincubated for 1 h at 37°C with anti-L-SIGN mAb or combined with anti-DC-SIGN mAb. Cells were then washed with PBS to remove unbound mAbs followed by incubation with 6 lg/ml E2 for 1 h. After washing, cells were incubated for 1 h with 6 lg/ml goat anti-E2 Ab and the E2 binding was detected with FITC-conjugated rabbit anti-goat IgG.
Confocal Microscopy NIH3T3/L-SIGN and NIH3T3 cells were fixed in 4 % paraformaldehyde for 30 min at 4°C, washed with PBS, and blocked in 1 % BSA for 20 min. Cells were incubated for 1 h at 4°C with 6 lg/ml mouse anti-L-SIGN mAb. Following three washes with PBS, cells were stained for 30 min with FITC-conjugated goat anti-mouse IgG, washed with PBS, and bound to poly-L-lysine-treated glass coverslips. Stained cells were analyzed using a Leica TCS SP2 laser scanning confocal microscope (Heidelberg, Germany) and images were captured and processed with TCS SP2 software.
HCV E2 Treatment
To verify specific effect of HCV E2, 2 lg/ml E2 was mixed with 4 lg/ml goat anti-E2 Ab or mouse anti-E2 mAb at 37°C for 1 h and the mixtures were allowed to treat cells. Cells were serum starved for 48 h prior to treatment for 30 min with 2 lg/ml E2, the mixtures of E2-E2 Ab or E2-E2 mAb. For receptor-blocking study, cells serum-starved were preincubated for 1 h with anti-L-SIGN mAb or in combination with anti-DC-SIGN mAb prior to treatment with 2 lg/ml E2 for another 30 min. Cells were washed with PBS and cell lysates were prepared as described [22] .
HCVcc Infection
Cells seeded in 6-well plates the day before were washed twice with PBS and incubated in DMEM containing 2 lg/ml HCV E2 protein for 2 h at 37°C. After washing with PBS, HCVcc stock (1 9 10 5 focus-forming units/ml) was added to plates (600 ll/well) and allowed to proceed for another 2 h. Cells were washed with PBS and lysed for kinase measurement.
Western Blotting
Equal amounts of protein extracts in cell lysates were subjected to Western blot analysis. Proteins were separated by 10 % SDS-PAGE, transferred onto nitrocellulose membranes, and blocked with 5 % nonfat milk. Membranes were incubated overnight at 4°C with rabbit antibodies against c-Raf, MEK, ERK, phospho-Raf-1, phospho-MEK, or phospho-ERK, followed by incubation with alkaline phosphatase or horseradish peroxidase-conjugated secondary antibodies. Immune complexes were visualized with 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium substrates or chemiluminescent detection reagents. In some experiments, images were captured on a GeneGnome HR image capture (Cambridge, UK) and band intensity was quantified using GeneTools software from SynGene.
Results
Expression of L-SIGN on Cells
L-SIGN is a binding receptor for HCV E2 protein. We wondered which functions are performed by L-SIGN in signaling events triggered by the HCV E2. NIH3T3/L-SIGN was chosen to be a cell line for investigation of Raf-MEK-ERK signaling in response to HCV E2 treatment. Expression of L-SIGN was first analyzed by flow cytometry. Figure 1a showed that L-SIGN was expressed on NIH3T3/ L-SIGN cells at a high level, and there was no L-SIGN expression on parental NIH3T3 cells. Cellular localization of L-SIGN was also characterized by confocal microscopy. As expected, L-SIGN was indeed localized at the surface of NIH3T3/L-SIGN (Fig. 1b) . In NIH3T3, L-SIGN was unobservable.
HCV E2 Binding to Cells via L-SIGN Next, we examined whether the soluble HCV subtype 1a E2 protein bound to NIH3T3/L-SIGN cells. Figure 2a showed that NIH3T3/L-SIGN was capable of efficiently binding the E2. In contrast, NIH3T3 did not bind the E2 (data not shown). To confirm the specificity of the E2-L-SIGN interaction, antibodies against L-SIGN or DC-SIGN were assessed to inhibit the E2 binding. The cells were preincubated with the antibodies prior to the E2 incubation and the E2 binding was detected by flow cytometry. As shown in Fig. 2b , the E2 binding to NIH3T3/L-SIGN was inhibited by the anti-L-SIGN mAb in a concentration-dependent manner. The combination of anti-DC-SIGN mAb and anti-L-SIGN mAb displayed a greater inhibitory effect on the E2 binding.
Raf, MEK, and ERK Phosphorylation Induced by HCV E2 Through Interaction with L-SIGN
To examine whether Raf-MEK-ERK pathway would be affected under the HCV E2 stimulation, kinase phosphorylation was analyzed by Western blot in NIH3T3/L-SIGN cells stimulated with the E2. Treatment of the cells with the E2 led to increased phosphorylation of Raf, MEK, and ERK, while the levels of kinase phosphorylation were lower after the E2-E2 Ab or the E2-E2 mAb treatment (Fig. 3) , indicating specific phosphorylation and activation of the kinases by the E2. Total Raf, MEK, and ERK were constant in samples. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels were determined as a control for protein loading.
Since L-SIGN-mediated the HCV E2 binding (Fig. 2) , we wondered whether the activation of Raf, MEK, and ERK was induced by the E2 through interaction with L-SIGN on the cells. The phosphorylation of kinases was thus evaluated in NIH3T3/L-SIGN cells pretreated with the various concentrations of anti-L-SIGN mAb prior to the E2 treatment. Figure 4a showed that the pretreatment with anti-L-SIGN mAb reduced the phosphorylation of Raf, MEK, and ERK as compared with the E2 alone treatment.
Treatment of the cells with anti-L-SIGN mAb was included
Cell Biochem Biophys (2013) 66:589-597 591 Fig. 1 as a control. Moreover, we performed the experiments to assay influence of anti-DC-SIGN mAb on the E2-induced kinase phosphorylation. As shown in Fig. 4b , pretreatment with 20 lg/ml anti-DC-SIGN mAb or the combination of 10 lg/ml anti-DC-SIGN mAb and 10 lg/ml anti-L-SIGN mAb significantly reduced the E2-induced Raf, MEK, and ERK phosphorylation in NIH3T3/L-SIGN cells, which was consistent with the E2-binding inhibition (Fig. 2b) . In the case of L-SIGN-deficient NIH3T3 cells, levels of Raf, MEK, and ERK phosphorylation were not influenced by the E2. In addition, no difference in the kinase phosphorylation was observed between the E2 treatment and the pretreatment with the anti-DC-SIGN mAb or the anti-L-SIGN mAb (Fig. 4c) . These results indicate that HCV E2-L-SIGN interaction leads to phosphorylation and activation of Raf, MEK, and ERK.
Raf-MEK-ERK Signaling Following HCVcc Infection
Based on the data obtained with uninfected cells, we further investigated Raf-MEK-ERK pathway following HCVcc infection. In HCVcc-infected NIH3T3/L-SIGN cells, levels of Raf, MEK, and ERK phosphorylation were slightly increased as compared with the uninfected cells and the E2 treatment led to strong phosphorylation of the kinases (Fig. 5 ). Whereas such enhancement was unobservable in HCVcc-infected NIH3T3 cells with the E2 treatment, highly implying that interaction of HCV E2 with L-SIGN accounts for the kinase phosphorylation. Actin levels were determined as a control for protein loading.
Discussion
We provided evidence that L-SIGN mediates binding of the HCV E2 to target cells and such binding subsequently results in the up-regulation of Raf-MEK-ERK pathway. L-SIGN (binding and capture receptor for HCV) captures circulating HCV particles and facilitates virus infection of hepatocytes and lymphocyte subpopulations, allowing the establishment of persistent infection and the modulation of dendritic cell functions [28] [29] [30] . We previously addressed the interaction of HCV E2 protein with CD81 and lowdensity lipoprotein receptor (attachment and entry receptors for HCV) naturally expressed on human hepatoma and lymphoma cells. Hepatocytes are the primary target for HCV infection and that liver-derived cell lines are the standard model for HCV research. In our experiments, NIH3T3 transfected with L-SIGN (NIH3T3/L-SIGN) was used because it was generated to characterize the function of L-SIGN [25] . As a murine cell line, NIH3T3/L-SIGN does not express any other cellular receptors for HCV beyond L-SIGN, thus allowing evaluation of signaling events mediated by L-SIGN. Our data also demonstrate that NIH3T3/L-SIGN is a suitable cell line for investigation of Raf-MEK-ERK signaling following L-SIGN-HCV E2 interaction. The soluble HCV envelope glycoprotein E2 is regarded as a surrogate to study virus-cell interaction, and putative HCV receptors including CD81, low-density lipoprotein receptor, and scavenger receptor class B type 1 have been identified using the E2 [31] [32] [33] . Indeed, we found that the HCV E2 protein expressed in Chinese hamster ovary cells was capable of efficiently binding to NIH3T3/L-SIGN cells. First, L-SIGN was shown to express at a high level on NIH3T3/L-SIGN cells (Fig. 1) . The specificity of the E2-L-SIGN interaction was then confirmed by the E2-binding inhibition assay. Our data showed that the E2 binding was inhibited by the anti-L-SIGN mAb as well as by the combination of antibodies against L-SIGN or DC-SIGN (Fig. 2) , indicating that these antibodies may function as competing ligands for L-SIGN and exhibit the inhibitory effects on the E2 binding. Accordingly, L-SIGN mediated the E2 binding to target cells, which is in accordance with the reports that HCV E2 protein interacts with some primary cells and cell lines expressing L-SIGN. For example, pseudotyped lentivirus particles presenting HCV glycoproteins E1 and E2 bind to BTHP1 cells expressing L-SIGN [29] . Soluble HCV E2 protein binds to HeLa cells stably expressing L-SIGN [2, 18] . HCV E2 protein binds to human monocyte-derived dendritic cells and T-REx cells expressing L-SIGN [19, 34] . As outlined above, differences including the forms of E2 and the cell types occur between the previous reports and our data. The CD81 engagement activates Raf-MEK-ERK cascades, resulting in affecting postentry events of HCV life cycle [35] . Interaction of respiratory syncytial virus glycoprotein G with L-SIGN activates ERK [36] . However, signaling events triggered by HCV E2 through L-SIGN are poorly defined. Since L-SIGN on the cells specifically interacted with the HCV E2, we thereby investigated the consequences arising from such interaction. Our results showed that, under the stimulation of the E2, the phosphorylation of Raf, MEK, and ERK was enhanced in NIH3T3/L-SIGN cells (Fig. 3) . The receptor-blocking experiments were carried out to confirm the specificity of E2-L-SIGN interaction responsible for the above effect. We found that the anti-L-SIGN mAb pretreatment reduced the phosphorylation of Raf, MEK, and ERK induced by the E2 (Fig. 4a) , which was consistent with the inhibitory effects of the antibody on the E2 binding. In addition, the inhibition of E2-induced kinase phosphorylation by the anti-DC-SIGN mAb may be attributable to capacities of the antibody to cross-reactive to DC-SIGN and L-SIGN (Fig. 4b) . Moreover, unspecific effects of the antibodies against L-SIGN or DC-SIGN on the E2-induced kinase phosphorylation were ruled out, as evidenced that the pretreatment with the antibody only led to the reduced kinase phosphorylation in NIH3T3/L-SIGN but not in NIH3T3 cells (Fig. 4c) . Thus, in response to the E2, phosphorylation of Raf, MEK, and ERK was dependent on L-SIGN expression. It would be important to address signaling events triggered by infectious HCVcc bearing E2 protein. HCVcc infection also led to activation of Raf-MEK-ERK pathway in NIH3T3/L-SIGN cells and the E2 treatment enhanced the kinase phosphorylation (Fig. 5) , suggesting the engagement of L-SIGN with the E2 protein as well as the HCVcc accounts for the pathway activation. Supporting our data, Zhang et al. [37] reported that HCV infection activated the Ras-Raf-MEK pathway. Our results demonstrate that interaction of L-SIGN with HCV E2 up-regulates Raf-MEK-ERK pathway. Further investigation into signaling events in cells endogenously expressing L-SIGN would be necessary to validate the role of L-SIGN in the promotion of infection and the pathogenesis of HCV. 
